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Abstract  
A Simulink Matlab control system of a heavy vehicle suspension has been developed.  The aim of the 
exercise presented in this paper was to develop a Simulink Matlab control system of a heavy vehicle 
suspension.  The objective facilitated by this outcome was the use of a working model of a heavy 
vehicle (HV) suspension that could be used for future research.  A working computer model is easier 
and cheaper to re-configure than a HV axle group installed on a truck; it presents less risk should 
something go wrong and allows more scope for variation and sensitivity analysis before embarking on 
further "real-world" testing.  Empirical data recorded as the input and output signals of a heavy vehicle 
(HV) suspension were used to develop the parameters for computer simulation of a linear time 
invariant system described by a second-order differential equation of the form: 
 
cx   xb  xa  (t) f    
 
(i.e. a "2nd-order" system).  Using the empirical data as an input to the computer model allowed 
validation of its output compared with the empirical data.  The errors ranged from less than 1% to 
approximately 3% for any parameter, when comparing like-for-like inputs and outputs.  The model is 
presented along with the results of the validation.  This model will be used in future research in the 
QUT/Main Roads project Heavy vehicle suspensions – testing and analysis, particularly so for a 
theoretical model of a multi-axle HV suspension with varying values of dynamic load sharing.  
Allowance will need to be made for the errors noted when using the computer models in this future 
work. 
 
Keywords: Heavy vehicle; suspension, computer modelling. 
 
 
Introduction 
The aim of the exercise presented in this paper was to develop a Simulink Matlab 
control system of a heavy vehicle suspension.  The objective facilitated by this 
outcome was the future use of a working model of a heavy vehicle (HV) suspension 
that could be used for future research.  A working computer model is easier and 
cheaper to re-configure than a HV axle group installed on a truck; it presents less risk 
should something go wrong and allows more scope for variation and sensitivity 
analysis before embarking on further "real-world" testing.  Empirical data recorded as 
the input and output signals of a heavy vehicle suspension were used to develop the 
parameters for computer simulation of a 2nd-order system.  Using the empirical data 
as an input to the computer model allowed comparison of the model output with 
empirical data.  The model is presented along with the results of the validation.  The 
programme to gather the data used three heavy vehicles.  Only the school bus data 
and model will be treated in this paper. 
 
 
Background 
Formulae used in this paper 
As documented previously (Davis, 2005; Davis & Bunker, 2007, 2008a, 2008b; 
Davis, Kel, & Sack, 2007; Davis & Sack, 2004, 2006; Meriam & Kraige, 1993; 
Thomson & Dahleh, 1998). 
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Experimental procedure 
As documented previously (Davis & Bunker, 2008c).  The figures in this section 
include the accelerometer data and the APT data for the axles of interest.  Since 
there were two accelerometers and two APTs per axle, left and right hand side data 
are presented graphically in the one graph per axle per instrumentation type as: 
 
- black trace: LHS; and 
- grey trace: RHS. 
 
Air spring data 
The outputs of the APTs during the step test and the pipe test were recorded for 
each test vehicle.  The signal magnitudes were proportional to the dynamic chassis-
to-axle (body-bounce) forces within an experimental error previously determined at 
less than 1% (Davis, 2006c). 
 
Figure 1 shows an example of a time series recorded from the bus drive axle APT 
signals during a VSB 11-style step test.  Figure 2 shows an example of the same 
APT signals for a test where the HV was driven over the pipe as described above.  In 
system analysis terms, the two time-series in Figure 1 and Figure 2 may be seen to 
be classical second-order impulse responses (Meriam & Kraige, 1993; Thomson & 
Dahleh, 1998). 
 
Bus drive axle APT signal - VSB 11-style step test 
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Figure 1:  Time series of bus axle APT signals during impulse testing using VSB 11-style step 
test. 
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Bus drive axle APT signal - pipe test 
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Figure 2:  Time series of bus axle APT signals using pipe test as an impulse. 
 
Accelerometer data 
The acceleration at the ends of the drive axle was recorded from the outputs of 
accelerometers mounted at the hubs.  This for the VSB 11-style step tests and the 
pipe tests.  Figure 3 shows an example of a time series recorded at the bus drive 
axle from its accelerometers during a VSB 11-style step test; Figure 4 shows an 
example of the same accelerometer signals for the pipe test.  Note that the 
excursions in Figure 3, particularly for positive-going data, are not exponentially 
reducing as for those in Figure 4.  This was likely due to the difference in the two 
forcing functions with more body-bounce 3  from the VSB 11-style step test 
superimposed on the higher-frequency axle-hop.  The analysis later used only body-
bounce at the air springs so these differences in axle-hop excursions were not 
significant. 
 
Bus drive axle accelerometer signal - VSB 11- style step test 
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Figure 3:  Time series of bus axle accelerometer signals during impulse testing using VSB 11-
style step test. 
 
                                            
3 compared with the pipe test. 
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Bus drive axle accelerometer signal - pipe test 
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Figure 4:  Time series of bus axle accelerometer signals using pipe test as an impulse. 
 
 
Analysis 
General 
Damping ratios that were derived from empirical data measured during the VSB 11-
style step tests and the pipe tests.  Similarly, the damped natural frequency of the 
drive axle of the bus was derived from these two test methods.  Further, the damping 
ratios and damped natural frequencies derived during the VSB 11-style step tests 
and documented in this section are used later in this report for generating computer 
models of the test HVs’ suspensions. 
 
The damped natural frequency may be found using the time (period) Td between 
successive points on the waveform (e.g. successive peaks or successive zero-
crossings) and taking the inverse of that period to find the frequency. 
 
From first principles: 
dT
f 1 ;            
1 
 
hence inverting Td provides, for the cases following, the damped natural frequency.  
It is for noting that the SI derived unit for frequency or vibration is Hertz (Hz) of which 
the derivation is s-1. 
 
Damping ratio 
Figure 1 provides a very good example of a classical model of an expected output 
response of an underdamped second-order system to an impulse function.  
Regarding Figure 1, it was fairly straightforward to derive the  for the single drive 
axle on the bus (Meriam & Kraige, 1993; Thomson & Dahleh, 1998).  This is shown 
below.  It is not hard to see that the pipe test at low speed produced an output that 
replicated the classical model of response of an underdamped second-order system. 
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To derive  for the bus we can use the values for the variables A1 and A2 (as shown 
in from Figure 1 and Figure 2 (Meriam & Kraige, 1993; Thomson & Dahleh, 1998).  
These are shown in Table 1. 
 
Table 1:  Comparison between damping ratios for the two types of impulse testing - bus 
Variable LHS RHS 
 
VSB 11-
style step 
test 
Pipe 
test 
VSB 11-
style step 
test 
Pipe 
test 
Quiescent signal value 1812 1824 1777 1774 
A1 180 78 178 75 
A2 34 16 34 16 
  [(Meriam & Kraige, 1993; 
Thomson & Dahleh, 
1998) 



2
1ln
A
A ] 
0.2564 0.2342 0.2548 0.2388 
 
A comparison between the derived LHS and RHS values for   then may be made 
for: 
- the two types of impulse forcing function; and 
-   using full cycle values for the variables A1 and A2. 
 
Experimental error, including contributions from mechanical and manufacturing 
tolerances, was manifest as differences between the values of  for each excitation 
impulse method.  Averaging each side for like test methods in Table 1 is shown in 
Table 2.  Now comparing for the two different impulses as forcing functions, we note 
that: 
 
- the  results derived from the responses measured from the APTs on the bus 
axle were similar; 
- averaging the result within each method for both sides and comparing these 
resulted in a difference of -0.0191 across the two methods (an error of 
approximately -7.4%); 
- the differences within the VSB 11-style step were 0.0016 (a variation of 
approximately 0.6%) in 0.24; and 
- the differences within the pipe test were 0.0046 (or 1.96 %) in 0.25. 
 
Accordingly, experimental error in  results for the two methods for the bus was 
small.  Even so, this will need to be addressed and this issue is further explored in 
the Discussion. 
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Table 2:  Comparison between L/R averaged damping ratios for the two types of impulse 
testing on the bus. 
Variable 
VSB 11-
style step 
test 
Pipe test 
  averaged across 
LHS and RHS 0.2556 0.2365 
 
Damped natural frequency 
Using the 1dT  method discussed above, a 5 Hz filter was applied to the signals in 
Figure 1 and Figure 2 to smooth the waveform and thereby read Td off the plots.  
The resultant values for damped natural frequency are shown in Table 3. 
 
Table 3:  Comparison between derived damped natural frequencies for the two types of 
impulse testing: bus. 
Variable LHS RHS 
 
VSB 11-
style step 
test 
Pipe test 
VSB 11-
style step 
test 
Pipe test 
Damped natural 
frequency f  (Hz) 
1.07 1.17 1.05 1.17 
 
Averaging each side for like test methods in Table 3 is shown in Table 4: 
 
Table 4:  Comparison between L/R averaged damped natural frequencies for the two types of 
impulse testing on the bus. 
Variable 
VSB 11-
style step 
test 
Pipe test 
f  averaged across 
LHS and RHS 1.06 1.17 
 
Now comparing for the two different impulses as forcing functions, we note that the f 
derived for the drive axle of the bus from the two test methods had a difference of 
10.4%.  This was the error between the VSB 11-style step test as the reference 
method and the pipe test.  This result was consistent with the order-of-magnitude of 
differences between methods in previous results (Davis et al., 2007; Davis & Sack, 
2004, 2006). 
 
Accelerometer data 
The accelerometer waveforms shown in Figure 3 and Figure 4 indicate that the 
impulse signal durations lasted approximately 0.4 - 0.6 s, regardless of impulse 
method.  This length of time for the impulse input is used later in this paper to 
calibrate the computer models of the suspensions tested. 
The axle-hop frequency for each test HV was found from the accelerometer data by 
inverting the accelerometers’ period in Figure 3 and Figure 4.  Indicative axle-hop 
frequencies were as shown in Table 5. 
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Table 5:  Indicative axle-hop frequencies as measured at the accelerometer periods for the 
drive axle of the bus. 
Test vehicle/axle Axle-hop frequency (Hz) 
Bus drive axle 8.5 – 10.2 
 
The axle-hop frequencies were independent of excitation method.  Note that these 
figures aligned well with the peaks in the magnitudes shown in FFTs found during 
other work (Davis & Bunker, 2008a). 
 
 
Model of the suspension 
General 
A computer model of the bus suspension was developed.  The known inputs and 
outputs were the accelerations at the axle and the air spring signals proportional to 
relative displacement between the axle and the chassis.  The computer model was 
calibrated against the dynamic parameters derived from these data.  The body-
bounce signals from the VSB 11-style step tests were chosen as the reference case.   
Now consider a diagram of a half-axle (i.e. the wheel in one corner of the bus, or the 
“quarter-bus”) such as shown in Figure 5.  The pressure in the air springs may be 
considered proportional to the displacement between the body and the axle, or a 
variable arising from the result of subtracting displacement x from displacement y. 
 
 
Figure 5:  Diagram of a “quarter-axle” suspension of a HV showing parameters. 
 
Since we knew the acceleration at the axles, this variable was used as the input 
signal to our model.  Hence, displacement 'z' did not need to be considered further. 
 
We assumed, with some justification from the traces in Figure 1 that the responses at 
the air springs of the axle were classically underdamped second-order responses 
(Davis & Bunker, 2008a).  We then constructed a simple computer model of the 
suspension conceptualised in Figure 5 for the drive axle. 
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System equations 
The force on a damper is proportional to the relative velocities between its ends as 
defined by its damping coefficient cs.  The spring force is defined by its spring rate ks 
and is proportional to the relative displacement between its two ends. 
 
To derive the computer model, Newton’s 2nd Law allows a system equation to be 
developed using these relationships.  The relationship between x and y in Figure 5 
was found by first summing the forces on ms.  To find these, the damper force and 
the spring force were included in Newton’s 2nd Law as an equation: 
 
0)()()(  yxkyxcxmF sss   
=>  )()()( xykxycxm sss    
2 
 
where: 
 
ms = the mass of the system in kg; 
cs = the damping coefficient (n.b. not the damping ratio) of the shock absorber in 
kNs/m; 
ks = the spring constant in kN/m; 
y  = displacement of the axle in m; 
y  = velocity of the axle in m.s-1; 
x  = displacement of the body in m; 
x  = velocity of the body in m.s-1; and 
x = acceleration of the body in m.s-2. 
 
Assuming underdamped behaviour, with some justification from the empirical 
evidence, the equations of motion from an underdamped 2nd-order system (Meriam & 
Kraige, 1993; Thomson & Dahleh, 1998) provide: 
the undamped natural frequency, n = 21 


d  
3 
( d  will be simplified to   from this point on) 
 
where: 
 
d = the damped natural frequency or body-bounce frequency (Meriam & Kraige, 
1993; Thomson & Dahleh, 1998) in radians.s-1. 
 
Second-order equation system model 
Since the acceleration at the axle ( y ) was known from empirical data, it was used as 
an input to the model.  It was integrated to find the velocity of the axle, y , to 
implement the system equations into a Simulink Matlab control system block 
diagram in Figure 6: 
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Figure 6:  Matlab Simulink block diagram using discrete block functions to execute the half-
axle suspension system. 
 
where: 
- the output (Scope) was the APT pressure proportional to the displacement 
between the body and the axle (y - x); and 
- the input signal (Signal 2) was y . 
 
Mention needs to be made here of the non-linear characteristics of dampers with 
respect to direction, particularly directional velocity.  The damping characteristic 
varies with direction of movement, more specifically, with the direction of velocity.  
This is to provide different dynamic resistances (i.e. damping coefficients) when the 
wheels hit a bump and then undergo rebound. 
 
The different values of damping characteristic allow the suspension to control and 
optimise the tyres’ contact with the road during travel over undulations and non-
uniformities.  This design feature required the determination of both bump and 
rebound damping ratios to derive the appropriate damping coefficients for each of the 
three vehicles.  Accordingly, two damping coefficients were used in the computer 
models described in the following section: one for bump and one for rebound. 
 
 
Influence of tyres 
(Davis & Bunker, 2008a) 
Construction of a model 
The impulse response at the bus air springs can be seen in Figure 1 and Figure 2.  A 
computer model from the generalised diagram in Figure 6  was developed as follows 
and to populate the variables: 
 
- the VSB 11-style step test provided an averaged  value of 0.256 (Table 2).  
Minor variation in derived  values between the two sides was compensated 
for by averaging the LHS and RHS value of   of both sides listed in Table 1 
(Table 2).  These were, in turn, derived from the full-wave excursions in 
Figure 1; 
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- the frequency was as shown in Table 4. 
 
Since the pipe test was the test case and the reference method was VSB 11, the 
step test results for damped natural frequency from the latter were used.  Again, 
variations in derived values between the two sides were allowed for by averaging the 
LHS and RHS values.  This then resulted in a damped natural frequency,  , for the 
model of 6.66 rad.s-1 (1.06 Hz).  The undamped natural frequency n , was found 
(Meriam & Kraige, 1993; Thomson & Dahleh, 1998) by dividing by 21  : 
 
n =  / 21  ; 
n = 6.66 / 2256.01  ; and therefore 
n = 6.89 rad.s-1 (1.097 Hz); 
ms = the sprung mass of the system. 
 
A value of 4.47 t was derived from measured wheel mass of 5 t (Davis, 2006a, 2007, 
2008) less the unsprung mass of the bus axle judged to be 530 kg (Prem, 2008). 
 
Using known variables listed above, Table 6 provides the remaining variables (Davis 
& Bunker, 2008a). 
 
Table 6:  Given and derived tyre and HV suspension parameters - bus. 
Parameter Symbol Value Unit 
Body-bounce frequency   6.89 rad.s-1 
Sprung mass ms 4.47 t 
Unsprung mass mu 0.53 t 
Suspension spring rate ks 237.95 kN/m 
Suspension damping 
coefficient cs 19.83 kNs/m 
Tyre spring rate kt 1.96 MN/m 
Axle-hop frequency axle  10.2 Hz 
 
Manufacturer’s data was provided for a static spring rate (ks) range varying from 47.6 
and 286.5 kN/m (Mack-Volvo, 2007).  Dynamic spring rates may vary by a multiple of 
up to 1.4 of static spring rates; typically about 1.33 (Costanzi & Cebon, 2005; Duym, 
Stiens, & Reybrouck, 1997; Prem, George, & McLean, 1998).  This is explored later 
but suffice to say that this is due to the ks value measured during static or quasi-static 
processes not accounting for adiabatic conditions (no heat transferred to the spring’s 
surroundings) existing during short, transient excursions of the air spring.  Note that 
the spring rate derived from empirical data was within the 47.6 to 286.5 kN/m range 
of the manufacturer’s data (Mack-Volvo, 2007). 
 
As a check for axle-hop frequency derived here and shown in Table 6, the derived 
value had very good correlation to measured axle-hop frequencies in the range of 8.5 
Hz to slightly greater than 10 Hz provided in Table 5. 
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The damping ratio for bump and rebound cases was determined from the signal 
excursions in the positive and negative directions from the VSB 11-style step tests, 
an example of which is shown in Figure 1. 
 
The damping ratios were determined for the cases of: 
 
- bump, where the body and axle were moving toward each other.  This 
resulted in a positive sense for xy    which, in turn, required the model to 
recognise only positive values of xy    (i.e. a lower limit of zero for xy   ): 
these were applied to the feedback loop as the bump damping coefficient; 
and; 
 
- rebound, where the where the body and axle were moving away from each 
other.  This resulted in negative values for xy    which, in turn, required the 
model to consider only the negative values of xy     (i.e. an upper limit of 
zero for xy   ) to be applied as the rebound damping coefficient. 
 
Accordingly, the values for A1, A1.5 and A2  for the bus were used to derive bump  and 
rebound  using those excursions (Davis & Bunker, 2008a).  These are shown in Table 
8. 
 
Having determined ks and knowing kt and ms (Table 6), cbump and crebound were found 
by substituting the averaged LHS/RHS of the derived bump and rebound values (Table 
2).  The derived cbump and crebound values were as shown in Table 7. 
 
 
Table 7:  Determining the bump and rebound damping coefficients for the bus from the VSB 11-
style step. 
Parameter cbump crebound 
Formula 
5.1
2



 ts
t
ssbump
kk
k
mk
 5.1
2



 ts
t
ssrebound
kk
k
mk
 
Result 6.35 kNs/m 34.23 kNs/m 
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Table 8:  Determining the bump and rebound damping ratios for the bus from the VSB 11-style 
step test. 
Variable LHS RHS average
 VSB 11-style step test 
VSB 11-style 
step test  
Quiescent signal value 1812 1778  
A1 169 164  
A1.5 34 37  
A2 27 28  
bump [(Davis & Bunker, 2008b) where 




5.1
1
2/1 ln A
A ] 0.071 0.093 0.082 
rebound [(Davis & Bunker, 2008b) 
where 



2
5.1
2/1 ln A
A ] 0.457 0.427 0.442 
 
This process yielded the values in Figure 7. 
 
  
Figure 7:  Matlab block diagram showing individual blocks for bus half-axle suspension 
simulation. 
 
 
Calibrating the model 
Figure 3 shows an example of a VSB 11-style step test input signal measured at the 
axle using the accelerometers.  It had a duration of approximately 0.4 s as explained 
above.  Running the simulation for this empirical data from a representative sample 
from  the accelerometers during the VSB 11-style step test input signal resulted in a 
time-series output (from the “Scope” block in Figure 7) shown in Figure 8.  This 
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provided a combined average model of the LHS and RHS responses.  Note that the 
plots within Figure 8 have been adjusted to align the x-axes for better comparison.   
 
As a preliminary check, comparing the plots within Figure 8 visually with Figure 1, the 
period and excursions were very similar; a coarse validation that the model provided 
correlation with the empirical data.  The values for f and  were then derived for the 
model's step test results in Figure 8.  These are shown in Table 9 and Table 10 
respectively. 
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Figure 8:  Time series of Matlab Simulink bus half-axle model using VSB 11-style step test 
input signal from accelerometer. 
 
Empirical data as an input to the model – damping ratio 
The computer model was provided with the empirical test input data measured from 
the accelerometers on the bus axle during the pipe test.  The output signal from the 
simulated suspension model with empirical pipe test accelerometer data as an input 
is shown in Figure 9. 
 
The values for f and  were then derived from the model output trace in Figure 9.  
These are shown in Table 9 and Table 10 respectively in comparison to the f and  
values from the step test data as an input to the model. 
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Figure 9.  Time series of Matlab Simulink model of the bus half-axle with empirical 
accelerometer data from pipe test as an input impulse. 
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Table 9.  Comparison between simulation model damping ratios and results from the two types 
of impulse testing. 
Variable 
VSB 11-
style step 
test 
(average, 
both sides; 
Table 2 ) 
Pipe test 
(average 
both 
sides; 
Table 2) 
Simulink model 
with empirical 
input from VSB 
11-style step 
test 
Simulink 
model with 
empirical 
input from 
pipe test 
Quiescent signal 
value   2.14 3.57 
A1   236.36 97.93 
A2   44.20 24.93 
  [(Meriam & 
Kraige, 1993; 
Thomson & 
Dahleh, 1998) 
where 



2
1ln
A
A ] 
0.256 0.236 0.264 0.230 
Error compared 
with average of 
actual VSB 11-
style step test  
(%) 
0 -7.4 3.2 -11.1 
Error compared 
with average of 
actual pipe test  
(%) 
8.1 0 11.6 -2.8 
 
Table 9 shows a comparison between the derived  values from the bus model for 
the two inputs: 
- empirical data from the accelerometers during the VSB 11-style step test 
(from Figure 3); and 
- empirical data from the accelerometers during the pipe test, Figure 4. 
 
In addition, Table 9 compares these to the results derived for  values from the two 
“live-drive” test methods, the variations between which have been covered above. 
  
The differences in results from empirical data as inputs to the model were the same 
order-of-magnitude as noted in the results shown previously comparing the results 
from Table 2 with those in Table 9.  The difference in the damping ratio for the 
empirical step test vs. the damping ratio for the step test from the model was 0.009 in 
0.256 or an error of 3.5%.  The difference between the model damping ratio from the 
pipe test compared with the empirical damping ratio was 0.006 (from Table 2) or an 
error of -2.8%.  That is, the Simulink model provided results that differed, at worst, 
from the empirical data from the "live drive" test by 3.2%. 
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Empirical data as an input to the model – damped natural frequency 
As discussed above, the output from the Simulink Matlab model for the “quarter-
bus” suspension model was measured for the following inputs: 
- empirical data from the accelerometers during the VSB 11-style step test; and  
- empirical data from the accelerometers during the pipe test. 
 
Using the 1dT  method discussed in the previous section, the damped natural 
frequency values for the two simulation inputs to the computer model of the bus were 
derived from the model responses in Figure 8 and Figure 9.  These are shown in 
Table 10 along with the averages of the measured values in Table 3 used to derive 
the computer model. 
 
Table 10.  Comparison between simulation model damped natural frequencies and results from 
the two types of impulse testing- bus. 
Variable 
VSB 11-style 
step test 
(average, 
both sides; 
Table 3) 
Pipe test 
(average, 
both 
sides; 
Table 3) 
Simulink 
model with 
empirical 
input from 
VSB 11-style 
step test 
Simulink 
model 
with 
empirical 
input from 
pipe test 
Damped natural 
frequency (Hz) 1.06 1.17 1.064 1.04 
Error compared with 
average of actual 
VSB 11-style step 
test f (%) 
0 9.40 0.38 -1.92 
Error compared with 
average of actual 
pipe test f (%) 
-10.38 0 -9.96 -1.89 
 
The derived damped natural frequency from empirical data for the VSB 11-style step 
test (from which we took our model frequency) was 1.06 Hz.  The errors between the 
simulated result vs. the pipe test and the simulated result vs. the VSB 11-style step 
test were -1.89 % and 0.38% for the respective inputs.  This was less than the 
previous errors in empirical f results from manufacturer’s certified VSB 11 values vs. f 
derived from the pipe test (Davis & Sack, 2004, 2006).  Again, the Simulink model 
provided results that differed very little from the empirical data from the "live drive" 
test. 
 
Given that the only variation in the two tests was the excitation method, the 
differences the empirical frequency outcomes of 1.17 Hz for the pipe test vs. 1.06 Hz 
for the step test must be attributed to the difference in excitation provided by them.  It 
was therefore likely that the pipe test provided a higher f value because of the rise-
then-fall nature of the impulse compared with the simple falling mechanism of the 
step down test.  Further, the maximum time of pulse recommended by Doebelin 
(1980) for the impulse duration was 0.35*Td.  Both the step and pipe mechanisms’ 
duration of 0.4 s was slightly longer than this recommendation and hence provided 
slightly longer impulse times than this the 0.35*Td recommended by Doebelin (1980).  
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This slight increase in duration probably made the difference in the measured values 
for damped natural frequency as shown in the analysis done by Doebelin, pp 79-81 
(1980). 
 
Error analysis 
Table 11 provides a summary of the errors across all of the processes documented 
herein for: 
 
- live-drive testing and analysis thereof; and 
- analysis of computer simulation of empirical data. 
 
Totalised errors across all testing and simulations – bus drive axle 
Parameter Method 
 Live drive Live drive Model Model Model 
 
VSB 11 
(left-right 
variation) 
Pipe test 
compared 
with 
empirical 
VSB 11 
result 
VSB 11 input 
compared 
with 
empirical 
VSB 11 
result 
Pipe test 
input 
compared 
with 
empirical 
VSB 11 
result 
Pipe test 
input 
compared 
with 
empirical 
pipe test 
result 
 0.6% -7.4% 3.2% -11.1% -2.8% 
f 1.9% 9.4% 0.38% -1.92 -1.89 
Table 11.  Summary of errors across all methods - bus. 
 
 
Conclusion 
Prior experience (Davis & Sack, 2004, 2006) led to the conclusion, when formulating 
this test programme, that the pipe test results would yield an analysable, classical 
second-order result for the APT signals.  This expectation was borne out.  
Accordingly, a computer model was developed.  When actual data gathered from the 
accelerometers during VSB 11-style testing were used as inputs to the generalised 
computer model, the results correlated well to the actual data. 
 
Given: 
- the simplicity of the model; 
- that the RHS and LHS f and  were averaged and therefore the models were 
composites derived, in part, from empirical data from both sides of the 
vehicles; 
- the models excluded a number of mechanical suspension complexities; and 
- that consideration needs to be made regarding that exclusion of a number of 
mechanical suspension complexities, 
 
the results from the computer model for damped natural frequency and damping ratio 
gained from it in this paper compared very favourably with the empirical results.  Now 
that the model's outputs have been validated against empirical data for f and , the 
model and its derived parameters will be used for future work with further 
development.  The errors ranged from less than 1% to approximately 10%, 
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depending on parameter.  When comparing like-for-like inputs and outputs, the errors 
reduced to just over 3%, at worst, for any parameter. 
 
Given the sensitivity of derivation of damping ratio () to method (Uffelmann & Walter, 
1994), this was a better-than expected result.  A computer model has been derived 
from empirical data and validated against empirical data inputs with, again, an error 
of not more than approximately 10% at worst.  This model will be used in future 
research in the QUT/Main Roads project Heavy vehicle suspensions – testing and 
analysis, particularly so for a theoretical model of a multi-axle HV suspension with 
varying values of dynamic load sharing.  Allowance will need to be made for the 
errors noted in this section when using the computer models in this future work. 
 
That air-spring data supplying HV on-board mass systems may be used for 
characterisation of HV suspensions is a possibility that is being examined presently 
(Davis, Bunker, & Karl, 2008; Karl, 2007).  One issue to be addressed in the future 
will be the sampling frequency of these systems as installed in HVs in service.  
Previous testing has used a Tramanco telemetry system with sample intervals of 
24.0 ms (41.66 Hz) with good results (Davis, 2006b; Davis & Sack, 2004).  That such 
sampling frequencies can be used with equivalent results to that from systems 
sampling at 1 kHz has been verified recently in other work (Germanchev & Eady, 
2008). 
 
Appendix 1 – Definitions, Abbreviations & Glossary 
(Davis & Bunker, 2007, 2008c) 
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